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Abstract 
In order to measure the amounts of fluorine (F) atoms in the off-gas drain from polymer electrolyte fuel cells (PEFCs) using proton 
Rutherford Backscattering Spectroscopy (p-RBS), we used an impinger where potassium hydroxide (KOH) solution (0.1 mol/L) 
was filled and prepared the targets for p-RBS using these samples. In the measured RBS spectrum, however, the peak of fluorine 
(F) atoms of the decomposition products could not be clearly observed due to the interference by the low energy tail of the potassium 
(K) atom’s peak. We confirmed using SEM, EPMA and XRD that the origin of the low energy tail of the potassium (K) atom’s 
peak was the absorption of carbon dioxide (CO2) in the air by potassium hydroxide (KOH) solution during drying. We also found 
that the target prepared by vacuum drying was more suitable for measuring the spectra of light elements in p-RBS than that by 
natural drying.  
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Tokyo Institute of Technology. 
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1. Introduction 
Polymer-Electrolyte Fuel Cells (PEFCs) are expected to become alternative power sources for electric vehiclesGdue  
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to their theoretically high energy efficiency and low air pollution, and many experiments have been attempted toG
improve energy efficiency and obtain long-term durability. In order to satisfy durability targets of 5,000 hours of 
operation for automotive applications and 40,000 hours for home combined heat and power (CHP) use, much work 
still remains, including modification of major materials such as the proton conductive membrane and electrode 
catalysts, among others. 
Degradation of membrane electrode assembly (MEA) performance caused by operation and usage conditions, 
especially the environmental temperature, is one of the important issues that must be clearly understood and minimized. 
The characteristics of cell performance degradation and changes in the properties of MEA materials caused by 
repeated cold starts of a frozen MEA under subzero conditions of 30qC were investigated, and it was found that 
performance decay appeared mainly in the cathode. Among the cathode components, an increase in proton conductive 
impedance in the cathode electrolyte was dominant and a decrease of fluorine (F) in the cathode ionomer was measured 
by 19F-NMR spectroscopy. From the measurements of fluorine (F) and sulfur (S) ions in the off-gas drain by using 
ion chromatography, the electrolyte decomposition was found to be dominant in the cathode catalyst layer. 
Additionally, in order to measure the quantities of fluorine (F) ions and atoms of decomposition products in the off-
gas drain emitted from the anode and cathode, a Particle Induced γ-ray Emission (PIGE) analysis was performed 
[1,2,3]. As it is important to identify the contents of decomposition products, we attempted to measure the amounts 
of fluorine (F), and sulfur (S), and carbon (C) atoms in the off-gas drain using He-Rutherford Backscattering 
Spectroscopy (He-RBS) [4], because RBS is one of the most precise analytical methods for light elements [5,6]. 
Subsequently, it was found by p-RBS that the peaks of carbon (C), oxygen (O), sodium (Na), silicon (Si), and 
potassium (K) atoms could be observed, but the peak of fluorine (F) atoms could not be clearly observed due to 
interference by the low energy tail of the potassium (K) atom’s peak [7].  
Recently, we clarified that the origin of the low energy tail was the absorption of carbon dioxide (CO2) in the air by 
potassium hydroxide (KOH) solution during drying. We prepared another target that is suitable for X-ray diffraction 
(XRD) measurement, by repeating the drop and dry process using drops of 30 PL of 100 mΩ cathode sample for five-
times, and performed SEM, EPMA and XRD measurements on it. In this paper, we report details on the results of 
these SEM, EPMA and XRD analyses. In addition, we prepared a target by vacuum drying using a diaphragm pump, 
where influences of the carbon dioxide (CO2) molecules in the atmosphere are expected to decrease. We also discuss 
the results on the measured p-RBS spectrum, SEM monograph, and EPMA spectrum of this sample. 
2. Experimental 
The experiment of repeated cold starts of a frozen MEA under subzero conditions of 30qC was carried out using 
a single cell placed in a low-temperature bath. The resistance values used in this experiment for managing the residual 
water content were 10 mΩ and 100 mΩ [1, 2]. For collecting fluorine (F) ions and atoms of decomposition products 
in the off-gas drain, we used the impingers in which potassium hydroxide (KOH) solution (0.1 mol/L) was filled. As 
the target samples for RBS experiment [4], we selected the off-gas drain samples obtained from the anode and cathode 
of the 100 mΩ MEA (High degradation, anode and cathode) and the 10 mΩ MEA (Low degradation, anode and 
cathode) during 1-5 cycles. We also prepared anion-mixed standard solution IV for ion chromatography (F-ions 
5 mg/L, Wako Pure Chemicals). 
In the second trial measurement by RBS, the samples of 100 mΩ MEA (cathode) and anion-mixed standard solution 
IV for ion chromatography were used [7]. The target for p-RBS was prepared by dropping a 30 PL of four-times 
diluted 100 mΩ MEA (cathode) by high purity water and a 30 PL of high purity water including 1.7% isopropyl 
alcohol on a gold (Au) foil substrate with a thickness of 0.1 Pm. The gold (Au) foil was mounted on a stainless steel 
frame with a size of 18 mmh18 mmh1.0 mm. The liquid drop was dried naturally during about 5 hours. Fig. 1 a) 
and b) shows the photographs for target of 100 mΩ cathode sample a) after dropping on the gold (Au) foil and b) after 
natural drying, respectively. 
In Fig. 1 b), the impurity atoms included in the sample are observed to be deposited to almost the same area as that 
after dropping, shown in Fig.1 a). Specifications for the targets used in the p-RBS experimentare presented in Table 
1. RBS measurements with a 2.5 MeV proton beam were performed at the electrostatic tandem pelletron accelerator 
facility of Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology.  
RBS measurement system in this laboratory is shown in Fig.2. In order to prevent the low energy tail of the 
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Table 1.  Specifications for the targets used in the p-RBS experiments ([7], this work). 
Target number No. 1 No. 2 No. 3 
Resistance values for  
the residual water content 100 mΩ 100 mΩ 100 mΩ 
Electrode Cathode Anode Anode 
Volume of a sample 30 PLa 30 PL 30 PL 
Volume of a high purity water 30 PLb 30 PL 30 PL 
Drying process Natural drying Vacuum drying  Natural drying 
Thickness of gold (Au) foil 0.1 Pm 0.2 Pm 0.1 Pm 
a) four-times diluted by a high purity water 
b) a high purity water including 1.7 % isopropyl alcohol 
 
 
 
potassium (K) atom’s peak from entering into the peak area of fluorine (F) at Fig. 3, we selected the proton as the 
projectile, because the energy loss of proton in the target was smaller than that of He+ ions. The beam currents were 
b) a) 
Fig. 1 a) and b).  Photographs of the target prepared by a) dropping a 30 PL of 4 times diluted 100 mΩ MEA 
(cathode) by high purity water and a 30 PL of high purity water including 1.7 % isopropyl alcohol on a gold 
(Au) foil with a thickness of 0.1 Pm and b) after natural drying. 
Fig. 2.  RBS measurement system in the electrostatic tandem pelletron accelerator facility 
of Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology. 
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5-8 nA on the target and the beam size was 5 mmI. The backscattering angle of proton is set to be 150º and p-RBS 
spectrum is measured for the protons that passed through the slit with a diameter of 2 mm. 
In the target of the four-times diluted 100 mΩ cathode sample, which is written as Target No.1 in Table 1, the peaks 
for carbon (C), oxygen (O) and potassium (K) atoms could be observed, but the peak of fluorine (F) atoms still could 
not be clearly observed due to the low energy tail of the peak for potassium (K) atoms, as shown in Fig. 3 in the next 
section [7]. 
Therefore, another target was prepared by repeating the drop and dry process using drops of 30 PL of 100 mΩ 
cathode sample for five-times. We used 5 hours for each dry process. This target was analyzed using a table 
microscope (Hitachi TM3000) consisting of SEM and EPMA and XRD equipment (Bruker AXS, D8 Discover) in 
order to clarify the origin of the low energy tail. 
Next, we prevented the formation of potassium hydrocarbonate (KHCO3) crystals during natural drying. We 
prepared the mixture targets of 100 mΩ anode sample (30 PL) and high purity water (30 PL) by vacuum drying using 
a diaphragm pump whose attainable pressure is 40 kPa during 20 hours (Target No.2 in Table 1) and by natural drying 
(Target No.3 in Table 1). In addition, we measured p-RBS spectra, SEM micrographs, and EPMA spectra for them. 
3. Results and discussion 
Fig. 3 shows a p-RBS spectrum for the target of four-times diluted 100 mΩ cathode sample prepared by dropping 
and drying on the gold (Au) foil with a thickness of 0.1 Pm, whose number is written as No.1 in Table 1. We observed 
the peaks of carbon (C), oxygen (O), sodium (Na), silicon (Si), and potassium (K) atoms by p-RBS. Nevertheless, the 
low energy tails of the peak for potassium (K) atoms still made it difficult to observe the peak of fluorine (F) atoms 
[7]. 
 
Fig. 4 shows an SEM micrograph of the target prepared by repeating the drop and dry process using drops of 30 PL 
of 100 mΩ cathode sample for five-times on the gold (Au) foil with a thickness of 25 Pm. One can see that there are 
many columnar crystals consisting of carbon (C), oxygen (O) and potassium (K) atoms. These lines are thought to be 
formed during each natural drying because it is well known that potassium hydroxide (KOH) solution absorbs carbon 
Fig. 3.  P-RBS spectrum for the target prepared by dropping a 30 PL of four-times diluted 100 mΩ MEA (cathode) 
by high purity water and a 30 PL of high purity water including 1.7 % isopropyl alcohol on a gold (Au) foil 
substrate with a thickness of 0.1 Pm. 
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dioxide (CO2) in the atmosphere continuously, and forms potassium hydrocarbonate (KHCO3). 
 
To verify the chemical reaction mentioned above, we performed an XRD analysis on these columnar crystals. Fig. 
5 shows a) the measured XRD pattern, b) the simulated XRD patterns of potassium hydrocarbonate (KHCO3), and c) 
gold (Au) calculated using Inorganic Crystal Structure Database (ICSD). One can see that the main parts of the 
measured XRD pattern except gold (Au) are consistent with the simulated XRD patterns of potassium hydrocarbonate 
(KHCO3). We therefore confirm that the crystalline structure for columnar crystals corresponded to that of potassium 
hydrocarbonate (KHCO3). From this result, it was considered that in the target of sample, carbon dioxide (CO2) in the 
Fig. 4.  SEM micrograph of the target prepared five-times by dropping 100 mΩ cathode sample (30 PL) on 
gold (Au) foil with a thickness of 25 Pm and natural drying during about 5 hours. Potassium (K) atoms, carbon 
(C) atoms, oxygen (O) atoms and gold (Au) atoms are indicated by green, red, blue and pink color points, 
respectively. 
Fig. 5.  Comparison of a) the measured XRD pattern to the lines with b) the simulated XRD patterns of 
potassium hydrocarbonate (KHCO3) and c) gold (Au) calculated using Inorganic Crystal Structure Database 
(ICSD). 
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air was absorbed by potassium hydroxide (KOH) solution and many potassium hydrocarbonate (KHCO3) crystals 
were formed during natural drying. When protons are backscattered from carbon (C), oxygen (O) and potassium (K) 
atoms deep inside these thick crystals, these protons suffer from large energy losses. As a result, the low energy tails 
of the peaks of these atoms in p-RBS spectrum are produced, as shown in Fig. 3. 
In order to reduce the formation of these crystals during natural drying, we prepared the mixture targets of 100 mΩ 
anode sample (30 PL) and high purity water (30 PL) by vacuum drying on a gold (Au) foil with a thickness of 0.2 Pm 
using a diaphragm pump (Target No. 2 in Table 1). By this drying process, it was expected that the influence of carbon 
oxides (CO2) in the air could be reduced. Fig. 6 shows the p-RBS spectrum for the target prepared by vacuum drying 
mentioned above. The widths of carbon (C), oxygen (O), potassium (K) peaks appear to become narrower than those 
for the target of four-times diluted 100 mΩ cathode sample prepared by natural drying shown in Fig. 3, and the low 
energy tail of the peak for potassium (K) atoms decreased. We obtained the p-RBS spectrum in which the peak of 
fluorine (F) atoms could be observed, although the counts were very low. This result may have arisen because the 
formation of potassium hydrocarbonate (KHCO3) crystals was reduced in the target by the vacuum drying. 
  
To confirm that the crystal formation mentioned above is prevented by vacuum drying, we also prepared the target 
by dropping 100 mΩ anode (30 PL) + high purity water (30 PL) on a gold (Au) foil with a thickness of 0.1 Pm by 
natural drying (Target No. 3) and measured the SEM micrographs for the targets prepared by vacuum and natural 
drying. Fig. 7 a) and b) show the SEM micrographs for the former and the latter, respectively. Red, Blue, Green and 
Pink color dots correspond to carbon (C), oxygen (O), potassium(K) and gold (Au) atoms, respectively. In Fig. 7 a) 
the columnar crystals consisted of carbon (C), oxygen (O) and potassium (K) atoms were not observed. On the other 
hand, in Fig. 7 b) the segregation of those atoms were observed 
EPMA spectra for the areas whose diameter is 1.0 mm shown with yellow circles in Fig.7 a) and b) are shown in 
Fig.8. In Fig. 8 a), K X-ray intensities for carbon (C), oxygen (O) and potassium (K) atoms are several tens of times 
weaker than the M X-ray intensity for gold (Au) atoms. On the other hand, in Fig. 8 b), the K X-rays intensities for 
carbon (C), and oxygen (O) atoms are same as the M X-ray intensity for gold (Au) atoms and the K X-ray intensity 
for potassium (K) atoms is twice stronger than that for gold (Au) atoms. From these results, we confirmed that by 
vacuum drying, the formation of potassium hydrocarbonate (KHCO3) crystals could be prevented. As a result, carbon 
(C), oxygen (O) and potassium (K) atoms were dispersed in the target. On the other hand, by natural drying, potassium 
Fig. 6.  P-RBS spectrum for the mixture targets of 100 mΩ anode sample (30 PL) and high purity water (30 PL) prepared 
by dropping on a gold (Au) foil with a thickness of 0.2 Pm and by vacuum drying using a diaphragm pump. 
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hydroxide (KOH) solution absorbed carbon dioxide (CO2) in the air during drying, and carbon (C), oxygen (O) and 
potassium (K) atoms formed potassium hydrocarbonate (KHCO3) crystals in the target. 
 
 
 
4. Conclusions 
We confirmed using SEM, EPMA, and XRD techniques that the origin of the low energy tail of the potassium (K) 
atom’s peak in p-RBS spectrum of the target prepared by natural drying was the absorption of carbon dioxide (CO2) 
in the air by potassium hydroxide (KOH) solution. We found that if the target was prepared by vacuum drying using 
a diaphragm pump, the potassium hydrocarbonate (KHCO3) crystals were not formed, and carbon (C), oxygen (O) 
and potassium (K) atoms were dispersed. We obtained the p-RBS spectrum, in which the low energy tail of the peak 
䢳
䢳䢲
䢳䢲䢲
䢳䢲䢲䢲
䢳䢲䢲䢲䢲
䢲 䢲䢰䢷 䢳 䢳䢰䢷 䢴 䢴䢰䢷 䢵 䢵䢰䢷 䢶 䢶䢰䢷 䢷
䣇䣰䣧䣴䣩䣻䢢䣱䣨䢢䣚䢯䣴䣣䣻䢢䢪䣭䣧䣘䢫
䣅䣅䣱
䣷䣰
䣶䣵
䢱䢸
䢲䣵
䣃䣷䢢
䣏䢢 䣚䢯䣴䣣䣻䢢䣃䣮䢢䣍䢢䣚䢯䣴䣣䣻䢢
䣅䢢
䣍䢢䣚䢯䣴䣣䣻䢢
䣑䢢
䣍䢢䣚䢯䣴䣣䣻䢢 䣍䢢
䣍䢢䣚䢯䣣䣻䢢
b) 
a) 
Fig. 8 a) and b). EPMA spectra a) and b) obtained for the areas shown by yellow circles whose diameters are 1.0 mm 
in Fig. 7 a) and b) SEM micrographs, respectively. Blue dots and orange dots correspond to EPMA spectrum for the 
targets prepared by vacuum drying using a diaphragm pump and by natural drying, respectively. 
Fig. 7 a) and b). SEM micrographs of the targets prepared by dropping 100 mΩ anode sample (30 PL) + high purity water (30 
PL), a) on a gold (Au) foil with a thickness of 0.2 Pm and by drying using a diaphragm pump and b) on Au foil with a 
thickness of 0.1 Pm and by natural drying. 
a) b) 
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of potassium (K) atoms decreased and the peak of fluorine (F) atoms could be observed, although the counts were 
low. The improvement above is essential for measuring the amounts of light elements in the off-gas drain from the 
anode and cathode of PEFC. 
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